Using synthetic oligonucleotide probes, we have isolated chicken cDNA clones for the intermediate filament protein desmin. We show that the gene for this protein probably exists as a single copy in the haploid chicken genome and is transcribed into one mature mRNA species of -2.4 kilobases. Expression of this mRNA is tissue-specific, as it is present in high abundance in smooth and skeletal muscle but is absent from erythrocytes, spinal cord, and lens cells. A 10-to 20-fold increase in desmin mRNA is observed in myogenic cells upon fusion, which suggests that the level of expression of the desmin gene and the accumulation of desmin filaments during muscle differentiation is regulated at the transcriptional and! or posttranscriptional level but not at the translational level. Hybridization studies and nucleotide sequence comparison of the cDNAs specific for desmin and for other intermediate filament subunits reveal a region that is highly conserved (
Of the various intermediate filament subunits, desmin exhibits one of the highest degrees of tissue specificity in its expression since it is expressed predominantly by skeletal, cardiac, and most types of smooth muscle (for review, see ref. 1) . Desmin accumulates in committed myogenic cells, with a concomitant accumulation of desmin-containing intermediate filaments (2, 3) . In addition, desmin-containing intermediate filaments exhibit a rearrangement in their cytoplasmic distribution in cultured myogenic cells: the cytoplasmic filament-type distribution is replaced by a sarcomeric Z-line association (2, 3) . This rearrangement is presumed to reflect a function of these filaments in muscle morphogenesis, and this supposition is supported by the observation that, in adult striated muscle, desmin is associated with the peripheries of Z discs, where it forms a network extending along the lateral axis of the muscle fiber (1, 4, 5) .
To gain insight into the molecular mechanisms responsible for the involvement of desmin in muscle morphogenesis and to further understand the tissue-specific expression not only of this molecule but of all intermediate filament proteins, we have isolated desmin cDNA clones and used them to show that the desmin gene probably exists as a single copy in the chicken genome and is transcribed into one mRNA species that is predominantly expressed in muscle cells. We show that the accumulation of desmin filaments during terminal differentiation of muscle cells is regulated mainly by the abundance of desmin mRNA. On the other hand, the regulation of the morphogenetic redistribution of desmin filaments to the peripheries of Z discs appears to be mainly posttranslational.
MATERIALS AND METHODS
Synthesis of the Oligonucleotide Probes. Two mixed oligonucleotide probes were synthesized. The first one, a mixture of 32 heptadecamers, 3 
'-G-T-(C/T)-G-T-(C/T)-G-T-(C/T)-G-T-(G/A)-C-T-(C/T)-C-A-5'
, is derived from the amino acid sequence Gln-Gln-Gln-His-Glu-Val at the carboxyl terminus of desmin (6, 7) and is specific for desmin (referred to as the D probe). The second one, a family of 16 tetradecamers, 3 
'-T-T-(G/A)-C-A-(G/C/A/T)-T-T-(C/T)-T-A-C-C-G-5'
, is derived from the amino acid sequence Asn-Val-LysMet-Ala located 76 amino acids from the carboxyl terminus and is common to both desmin and vimentin (referred to as the DV probe). Both probes were synthesized by the solidphase phosphotriester method (8) .
Construction and Screening of the Gizzard cDNA Library Using the Synthetic Probes. Poly(A)+ RNA from 1-week-old chick gizzards was enriched in desmin mRNA by size fractionation on sucrose gradients (9) and used to construct a cDNA library (10) . Prehybridizations, hybridizations, and washes of colony filters were carried out as described (10) .
The hybridization and final wash temperatures were 380C in the case of the heptadecamer and 25TC in the case of the tetradecamer.
RNA and DNA Blot-Hybridization. RNA blots were performed as described (11) with some modifications (10), using the transfer system described by Southern (12) . Genomic DNA blots were performed using the Southern procedure (12) as modified (13) . Hybridizations of 32P-labeled nicktranslated probes at -5 x 105 cpm-or 2 x 106 cpm/ml to filter-bound RNA or DNA, respectively, were done as described (13) at 420C for either 15 hr (RNA blots) or 40 hr (DNA blots). Washing conditions were similar to those described (10) .
RESULTS
Isolation and Characterization of Desmin cDNA Clones Us- ing Synthetic Oligonucleotide Probes. Desmin cDNA clones were isolated from a chicken gizzard cDNA library screened with the two synthetic oligonucleotide probes deduced from the amino acid sequence of two distinct regions of the desmin polypeptide (6) (see Materials and Methods). The DV probe is the one we have used previously to isolate the vimentin gene by screening a chicken genomic library (10) . The specificity of the probes was tested by RNA blot hybridization experiments. Blots of gizzard poly(A)+ RNA, which contains negligible quantities of vimentin mRNA, revealed the same single mRNA band of -2.4 kilobases (kb) with either of the two probes (results hot shown), suggesting that both probes predominantly detect desmin sequences in gizzard RNA.
Abbreviations: kb, kilobase(s); GFAP, glial fibrillary acidic protein.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Fig. 2 ). The alignment of clones pDV1 and pD9 relative to pD8 is also shown. The horizontal arrows under pD8 indicate the extent and direction of sequencing of this clone (Fig. 2) Distribution of the Desmin-Specific Sequences in the Chicken Genome. Preliminary restriction map analysis of all the isolated desmin cDNAs showed that all of them have identical internal restriction fragments suggesting that all are encoded by the same gene. To obtain some information concerning the distribution of desmin-specific sequences in the chicken genome, we carried out genomic DNA blot analyses. Initially, we used as probes either the small (270-basepair insert) cDNA plasmid pDV1 or the entire pD8. The inserts of these plasmids, or the whole plasmids, were nicktranslated and hybridized to DNA blots of BamHI-, HindIII-, EcoRI-, and Sac I-restricted chicken genomic DNA. As shown in Fig. 3 , multiple bands were observed in all cases. Of the three to five bands observed, at least two or three hybridized more intensely. Hybridization with pDV1 gave a pattern qualitatively similar to the pattern obtained with pD8, except that the differences in the intensities of the various bands were much smaller than in the case of pD8 (data not shown). Incomplete digestion of the DNA was excluded since the same DNA blots probed with a vimentin genomic clone ( Fig. 3) gave the expected single band for all the digests (15) . (B), HindIII (H), EcoRI (R), and Sac I (S), and the resulting fragments were separated on 0.9o agarose gels and transferred to nitrocellulose. The DNA on the filters was then hybridized to the following nick-translated probes: the 3'D8 fragment of the pD8 desmin cDNA clone containing all the Ava I fragments of the 3' untranslated region; the 5'D9 fragment of the pD9 desmin cDNA, derived by digestion with Nae I (see Fig. 1 ) and lacking the conserved region that is included in the pDV1 clone; the pD8 cDNA; the p5OG1 cDNA; and part of the chicken vimentin genomic V clone V (10).
pDV1 sequences correspond to a conserved stretch of -40 amino acids comprising the COOH-terminal portion of the rod domain of the protein (7), adjacent to the beginning of the variable carboxyl terminus. Consequently, this DNA probe and pD8, both of which contain these sequences (see Fig. 1 (Fig. 3) . Further genomic blot analysis showed that cross-hybridization with other members of the intermediate filament protein gene superfamily indeed occurs. When genomic blots were hybridized with sequences corresponding to the 3' untranslated region of the desmin mRNA (3'D8, which consists of all the Ava I fragments of the 3' noncoding region of pD8 isolated from a gel), only single bands were observed in all restriction digests, which corresponded to the strongest bands obtained with pD8 (Fig.  3) . Furthermore, when similar blots were hybridized with 5'D9, a part of another desmin clone containing coding sequences 5' to the position of pDV1 (5'D9 was obtained by digestion of pD9 with Nae I, see Fig. 1 ), the same single band pattern was generated with BamHI, HindIII, and EcoRI digests as was observed with 3'D8. However, Sac I appears to cleave within an intervening sequence, such that 5'D9 hybridizes only with a region upstream of the intron (-3-kb band) while 3'D8 hybridizes with a region downstream of it (-9-kb band). (The extra weak band in the HindIII digest hybridized with 5'D9 is not the same as that obtained with pD8; the band obtained with 5'D9 is of higher molecular weight and resulted from contamination with pBR322 sequences of the HindIII used to digest the DNA of this blot.) These results suggest that the desmin gene occurs once in the haploid chicken genome. On the other hand, hybridization with another cDNA plasmid isolated using the pDV1 insert as a probe, pS0G1 (containing an -2-kb insert representing 80%o of the corresponding mRNA, as indicated by RNA blot hybridization data; see below), yielded a pattern shown in Fig. 3 . In each of the four digests, a single strong band was observed that corresponds to one of the bands produced by the conserved sequence of pDV1 or pD8, distinct from the desmin-specific bands. Longer autoradiographic exposure of this blot revealed weak bands that are common to those obtained with pD8 or pDV1, corresponding to the desmin-specific bands with which it cross-reacts, as expected. (18) , mouse GFAP (G) (17) , and the human epidermal type II 56-kDa keratin KA-1 (K) cDNAs (16) . DNA sequences homologous to desmin cDNA are underlined. This highly conserved (80%) sequence corresponds to the end of the rod region of the proteins (7).
The sequence is shown corresponding to the 5' to 3' direction of the mRNA strand. To obtain information on this point, we hybridized the p50G1 cDNA clone described in the previous section with the spinal cord poly(A)O RNA. The result of this experiment, shown in Fig. 5B , suggests that the desmin-positive signal we obtain with spinal cord RNA (Fig. 5A) arises by cross-reaction of desmin sequences with another putative intermediate filament mRNA (most likely that for GFAP). The converse phenomenon is observed when the pSOG1 cDNA is used as probe and cross-hybridization to gizzard desmin mRNA occurs, although to a lesser extent than the corresponding cross-reaction of pDV1 to the presumed GFAP mRNA because there is less sequence homology. When the RNA blot in Fig. 5A was washed and reprobed with the p5OG1 cDNA, none of the non-nervous tissues examined displayed detectable amounts of the corresponding mRNA, indicating that the expression of this intermediate filament mRNA is restricted to central nervous tissues. Under the conditions of hybridization used, the pSOG1 cDNA cross-reacts only with desmin mRNA and not with vimentin mRNA or any of the neurofilament subunit mRNAs in the spinal cord RNA population. In order to ensure that the patterns obtained by hybridizing skeletal muscle and gizzard RNA with pDV1 or pD8 (Fig. 5A ) reflect the behavior of desmin mRNA and not that of some cross-hybridizing mRNA of the same size, we hybridized similar RNA blots with the desminspecific 3'D8 fragment. The results obtained were identical with those of Fig. SA , except that, as expected, no crosshybridization with the spinal cord RNA occurred (data not shown).
Desmin Gene Expression During Myogenesis Is Transcriptionally Regulated. To further investigate the expression of desmin during muscle development, we examined the accumulation of desmin mRNA at various stages of muscle differentiation in tissue culture. Myoblasts analyzed 12 hr after plating exhibit very low levels of desmin mRNA (Fig. 6) . Twenty-four to 48 hr after plating, a substantial fraction of the cells have begun to fuse (-50% of nuclei are in fused cells at 30 hr). By 24 hr after plating, desmin mRNA levels increase and continue to do so well after the onset of fusion. Maximal levels of desmin mRNA are observed within 3-4 days after plating and are maintained in the ensuing days of differentiation. No significant further change in the amount of desmin mRNA was observed even 8 days post-plating, at a time that corresponds to the redistribution of desmin to the peripheries of Z discs (3). Small amounts of desmin mRNA were detected also in RNA from nonmyogenic fibroblasts.
Similar RNA blot analysis using a vimentin cDNA probe showed constitutive expression of both vimentin mRNAs during myogenesis (10 (6, 7, 16) . Overall, desmin and vimentin are the most closely related pair of the nonepithelial subunits, sharing 64% homology over the last 141 carboxyl-terminal amino acids (6) . These studies (1984) compared chicken or mammalian desmin with mammalian vimentin but not chicken vimentin. This is of great importance, because, despite the high amino acid sequence homology between these two proteins, hybridization studies with chicken vimentin probes have not revealed any cross-reaction with other intermediate filament nucleotide sequences (10, 15) . Furthermore, as we have shown here, the desmin cDNA containing the highly conserved sequences shown in Fig. 4 does not cross-hybridize with RNAs from chicken tissues known to contain vimentin mRNA in high abundance, such as lens, myogenic cells, and embryonic erythrocytes (ref. 10; see also Fig. 5 ). This indicates that the vimentin gene has diverged from the genes coding for the other intermediate filament proteins to a much greater extent in chickens than it has in mammals. These experiments reveal also that there is a high sequence homology between chicken desmin cDNAs and another putative chicken intermediate filament protein (probably GFAP) cDNA, in contrast to the apparent divergence of chicken vimentin. Furthermore, chicken desmin shares the same highly conserved region with hamster vimentin, mouse GFAP, and human type II epidermal keratins. These highly conserved sequences correspond to the end of coil II of the rod domain (7) . Although the chicken vimentin nucleotide sequence for this region is not known, our data indicate that this region of the vimentin gene is much less homologous to the coding sequences for other chicken intermediate filament subunits than the mammalian vimentin gene is to the coding sequences for the other mammalian subunits studied. It seems that selective pressure has either caused a greater divergence of vimentin in chickens from the other subunits or conserved these sequences in mammals.
Tissue-Specific Expression of a Single Desmin Gene. Although no titration experiments have been carried out, the observation of a single band pattern in genomic blots with four different restriction digests and the finding of identical internal restriction fragments in nine desmin cDNA clones suggest that the gene for the intermediate filament subunit desmin occurs only once in the haploid chicken genome; furthermore, we have obtained evidence that the multiple bands obtained in the genomic blots derive at least in part from cross-hybridization of the probes to sequences coding for other members of the intermediate filament superfamily. Another probable single copy gene in chicken appears to be that encoding another intermediate filament protein, most likely GFAP. It has recently been reported that another structurally related intermediate filament subunit, vimentin (10, 15, 19) , is also encoded by a single gene in both chickens and hamsters. The accumulation of the desmin protein is tissuespecific and occurs predominantly in smooth, skeletal, and cardiac muscle cells (1) . The results presented here indicate clearly that this tissue-specific accumulation of desmin filaments is regulated primarily at the transcriptional or posttranscriptional level. In general, the levels of desmin protein detected previously in smooth and skeletal muscle (5) correlate with the respective levels of desmin mRNA. The observation that very low levels of desmin RNA are present in nonmyogenic fibroblasts grown in tissue culture is in accordance with previous observations showing the presence of low levels of desmin in cultured fibroblasts (3) . In chick myogenic cells differentiating in tissue culture, accumulation of desmin mRNA is developmentally regulated and occurs upon fusion to form multinucleate myotubes. In contrast, these cells constitutively express both of the mRNA species encoded by the vimentin gene both before and after fusion (10) . Hence, although the desmin and vimentin genes are independently regulated, the expression of these two genes is not mutually exclusive. It appears that functional and morphogenetic requirements dictate the subunit(s) of intermediate filaments that are expressed. Examples of such requirements may be the involvement of desmin filaments in the lateral linkage of myofibrils to each other and to the plasma membrane at the peripheries of Z discs in muscle cells (1, 4, 5) and the involvement of vimentin filaments in the linkage of the nucleus to the plasma membrane in the nucleated chicken erythrocyte (20) . Thus, the accumulation of desmin mRNA during myogenic terminal differentiation is analogous to and concurrent with the accumulation of a number of other mRNAs coding for proteins involved in muscle morphogenesis (21 Fig. 6 , do not change immediately before, during, or after the onset of the transition of desmin filaments to the peripheries of Z discs, this step in myofibril assembly does not appear to be regulated transcriptionally. The regulation of the distribution of vimentin at this stage of myogenesis also appears not to be regulated transcriptionally (10) .
